Introduction ! Ellagitannin-rich medicinal plant extracts and food products are currently commercialized and consumed due to their potential positive effects on diseases possessing inflammatory background. In inflammation-associated cardiovascular diseases, such products as nuts, pomegranate, blackberries, strawberries, and oak-aged red wine, were proven to exhibit beneficial effect in many human interventional studies [1] [2] [3] [4] [5] [6] . A recent study conducted on people with a high cardiovascular risk has clearly shown, that regular nut intake (walnuts, almonds, and hazelnuts) significantly reduced the incidence of major cardiovascular events connected with excessive inflammatory response [7] . Although many in vitro studies conducted for extracts and single compounds deal with the explanation of the mechanism of action, the extrapolation of their results on in vivo processes raises many difficulties due to the not well-established bioavailability of ellagitannins [1] . Ellagitannins are hydrophilic, high-molecular-weight dietary polyphenols containing hexahydroxydiphenoyl subunits. They are subsequently transformed by intestinal microbiota to dibenzo [b,d]pyran-6-one derivatives, urolithins. It was established on human model that ellagitannins from strawberries, raspberries, oak-aged wine, pomegranate juice, and nuts could be transformed by intestinal microbiota to urolithins, which are the main biomarkers detected in human plasma following the intake of ellagitannin-rich food products and medicinal plants. These metabolites in contrary to ellagitannins are lipophilic compounds which have a good bioavailability and may be present in plasma in the range of 0.5 to 18.6 µM [8] [9] [10] . Because of their catechol-like structure after absorption they are a potential substrate for catechol-Omethyl transferase (COMT) enzyme, which increases lipophilicity and may lead to biological Abstract ! Ellagitannin-rich products exhibit beneficial influence in the case of inflammation-associated diseases. Urolithins, metabolites of ellagitannins produced by gut microbiota, in contrary to high molecular weight hydrophilic parental polyphenols, possess well established bioavailability. Because of the important role of neutrophils in progression of inflammation, the influence of urolithins on their pro-inflammatory functions was tested. Urolithin B at a concentration of 20 µM showed significant inhibition of interleukin 8 and extracellular matrix-degrading enzyme MMP-9 production. It was also significantly active in prevention of cytochalasin A/formyl-met-leuphenylalanine-triggered selectin CD62L shedding. Urolithin C was the only active compound towards inhibition of elastase release from cyto-chalasin A/formyl-met-leu-phenylalanine-stimulated neutrophils with 39.0 ± 15.9 % inhibition at a concentration of 5 µM. Myeloperoxidase release was inhibited by urolithins A and C (at 20 µM by 46.7 ± 16.1 and 63.8 ± 8.6 %, respectively). Urolithin A was the most potent reactive oxygen species release inhibitor both in formyl-met-leu-phenylalanine and 4β-phorbol-12β-myristate-R13acetate-stimulated neutrophils. At the concentration of 1 µM, it caused reactive oxygen species level decrease by 42.6 ± 26.6 and 53.7 ± 16.0 %, respectively. Urolithins can specifically modulate inflammatory functions of neutrophils, and thus could contribute to the beneficial health effects of ellagitannin-rich medicinal plant materials and food products.
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Results

!
All compounds at tested concentrations did not express cytotoxic effect towards neutrophils both in long and short-term tests (histograms presenting propidium iodide assay results are provided in Figs. 1S and 2S, Supporting Information). The inflammatory signaling processes being a consequence of neutrophils recruitment triggered by TLR4 receptor agonist LPS were targeted. A statistically significant influence was observed for UB, which inhibited the production of main neutrophil cytokine IL-8 at the concentrations of 5 and 20 µM by 23.6 ± 5.2 and 31.6 ± 4.1 %, respectively. UA and UC significant inhibitory activity towards IL-8 expression was only observed at a concentration of 20 µM (24.8 ± 11.6 % and 19.4 ± 3.4% of production inhibition, respectively) (l " Fig. 2 ). Statistically significant inhibition of production of extracellular matrix (ECM) degrading enzyme MMP-9 was also observed for UB (l " Fig. 3) , with 42.0 ± 17.2 % and 49.6 ± 19.8 % of production inhibition at the concentrations of 5 and 20 µM, respectively. UA and UC inhibitory activities at 20 µM were 32.9 ± 25.1 % and 22.1 ± 7.0 % release inhibition, respectively. In both experiments, methylated derivatives (MUA and MUC) showed no significant activity. Curcumin, used as a positive control, inhibited at the concentration of 20 µM LPS-triggered production of IL-8 and MMP-9 by 73.3 ± 14.0 and 60.8 ± 1.8 %, respectively. The rolling and firm adhesion of neutrophils is an important event in the progression of inflammatory state. When challenged with the pro-inflammatory factor, the L-selectin (CD62L) molecule, which is responsible for rolling, is shed in neutrophils, while integrin (CD11b), stored in granules and responsible for firm adhesion, becomes expressed on the surface [17] . The prevention of CD62L shedding was observed only in cells incubated with UB and MUA. The activity of these compounds was comparable to quercetin used as a positive control (l " Fig. 4 ). No influence on cytochalasin A/formyl-met-leu-phenylalanine (f-MLP)-triggered increased CD11b expression was observed for all tested compounds ( Fig. 4S , Supporting Information). Elastase is the neutrophil serine proteinase responsible for ECM degradation and is stored in azurophilic granules ready for immediate release upon stimulation. The most potent influence on Table 1S , Supporting Information. Table 2S , Supporting Information. elastase release from cytochalasin A/f-MLP-stimulated neutrophils was exhibited by UC, which at concentrations of 5 and 20 µM showed statistically significant and dose-dependent (p = 0.003 144) inhibition (39.0 ± 15.9 and 66.6 ± 7.0 %, respectively). The observed effect was compared with that of quercetin (at 20 µM 44.8 ± 18.8 % of inhibition), a known elastase inhibitor (positive control). The methylation of UC weakened but not completely abolished the anti-elastase activity (28.7 ± 16.3 % release inhibition at 20 µM; p = 0.000 470 vs. UC at concentration of 20 µM). Other compounds were inactive at the tested concentrations (l " Fig. 5 ). MPO is another pro-inflammatory ready-to-release enzyme stored in neutrophilsʼ azurophilic granules, being responsible for production of HClO from H 2 O 2 and Cl − during respiratory burst. The statistically significant inhibition of MPO release was observed for UA and UC (at 20 µM 46.7 ± 16.1 and 63.8 ± 8.6%, respectively). UA was active even at the concentration of 1 µM (17.9 ± 7.9 % inhibition). The methylation of hydroxyl groups significantly decreased the effect, although at the concentration of 20 µM, the inhibition was still observed for MUA and MUC (31.2 ± 16.4 and 23.5 ± 19.3 %, respectively; p = 0.028 163 and p = 0.000 213 vs. UA and UC at concentration of 20 µM, respectively). The effects of UA and UC were compared with known MPO release inhibitor gallic acid, which at the concentration of 5 and 20 µM showed 44.0 ± 8.5 and 81.1 ± 7.6 % of inhibition, respectively (l " Fig. 6 ). The inhibition of ROS release from stimulated neutrophils was conducted using two different models: one with stimulation achieved by bacterial derived peptide f-MLP, which leads to generation of superoxide anion (O 2 • − ), H 2 O 2 , and HClO, another by direct kinase C activator 4β-phorbol-12β-myristate-R13-acetate (PMA), which results in O 2
• − and H 2 O 2 release. In both models, the most active were UA and MUA showing, at a concentration of 20 µM, almost complete inhibition of ROS generation. UC was also active but prevented ROS generation significantly more effectively in f-MLP-luminol model than in PMA-lucygenin one (at a concentration of 5 µM, 67.2 ± 11.3 and 39.0 ± 4.7 % inhibition, respectively, p = 0.000 171; at a concentration of 20 µM, 88.2 ± 6.1 and 51.0 ± 9.2 % inhibition, respectively, p = 0.000 171). Interestingly, the methylation of UC (MUC) led to the significantly greater (at 20 µM 96.2 ± 2.7 % inhibition, p = 0.000 144) reduction of ROS generation in PMA stimulation model. For UA, UC, MUA, and MUC, the observed activities were statistically much stronger than those determined for ascorbic acid (p < 0.001) (l " Fig. 7 ).
To determine whether the observed antioxidative effect on neutrophil model was triggered by inhibition of release or by direct scavenging activity, the influence of urolithins on in situ generated O 2 • − by xanthin oxidase was examined. To exclude xanthin oxidase activity inhibition as a factor responsible for decrease of O 2 • − levels, uric acid production was also determined. Significant scavenging activity was observed for all the compounds examined (l " Fig. 8 ). The SC 50 values for UA, UB, UC, MUA, MUC, and ascorbic acid were 0.23 ± 0.11 µM, 0.72 ± 0.15 µM, 1.25 ± 0.68 µM, 0.77 ± 0.31 µM, 0.38 ± 0.21 µM, 6.68 ± 3.36 µM, respectively. For all compounds, the effect was dose-dependent and observed even at a concentration of 0.2 µM. Similarly as in neutrophils Table 4S , Supporting Information. Table 3S , Supporting Information.
ROS generation model, the methylation of UA decreased the activity, while MUC was significantly more active than UC. Some effect on uric acid production was observed, but it was far too weak to be considered as responsible for such significant O 2 • − levels decrease. The distribution of differences between compoundʼs scav-enging effects was not entirely comparable to that observed in the neutrophil model but indicates that mostly direct scavenging is the mechanism of anti-ROS activity. Table 6S , Supporting Information. Table 5S , Supporting Information.
Discussion
!
The influence of urolithins on pro-inflammatory functions of neutrophils and observed variations of activity depending on compoundsʼ structures (number of substituents, hydroxyl groups, and methylation state) indicate the specificity of their pharmacological profiles. Urolithin B was the main metabolite responsible for inhibition of production of IL-8 and ECM degrading enzyme MMP-9. The compound was also active in prevention of CD62L shedding. Urolithin C was established as the only active elastase release inhibitor, and it expressed also significant inhibitory activity towards MPO release. It seems that in these models the presence of free hydroxyl groups is crucial for the observed effects, as the methylated compound was significantly less active. Moreover, according to previous observations made for flavonoids by Kanashiro et al. [18] , elastase release inhibition by UC can be determined by its catechol group. It is interesting that in the case of anti-oxidant activity, the methylation did not alter the effect, or as in PMA-stimulated neutrophils model, the effect was significantly enhanced. UA was determined as the most potent anti-oxidant among the examined urolithins. The compound significantly inhibited release of ROS from neutrophils at a concentration of 1 µM in f-MLP and PMA stimulation models, and it was also a very potent MPO release inhibitor. In both experiments, activity depended on the presence of free hydroxyl groups, as MUA was less active than UA. On the other hand UA was shown to possess less significant impact on IL-8 and MMP-9 production than UB. It needs to be noted that the complementary effect results from the influence on different neutrophil-associated pro-inflammatory functions, as all examined metabolites were previously detected in human plasma and are able to simultaneously interact with neutrophils in bloodstream.
In vivo experiments on animal model revealed strong activity of orally administered UA on reducing carrageenan-induced paw edema in mice [19] . UC and UB were shown to influence inflammation process on epigenetic level by inhibition of histone acetyltransferase activity [20] . In the study conducted on human aortic endothelial cells, UA was shown to inhibit TNFα-induced endothelial cell migration and to decrease the expression of chemokine (C-C motif) ligand 2 and interleukin-8. Its glucuronide inhibited monocyte adhesion and endothelial cell migration in a significant manner, however UB and its glucuronide were inactive [21] . Dellʼagli et al. [22] examined the influence of UA, MUA, and UB on MMP-9 production by THP-1 cells stimulated with TNFα. The results correspond with the ones obtained in the present study, as both UA and UB occurred to be active on contrary to significantly weaker MUA. Studies conducted by Gonzalez-Sarrias et al. on human colonic fibroblasts model suggest that inhibition of NF-κB translocation to nucleus by urolithins can be the mechanism responsible for their anti-inflammatory effects [23] . Cerda et al. [10] did not observe anti-oxidant properties of gut microbiota-derived ellagitannin metabolites as well as Ito et al., who conducted series of cell-free antioxidant assays including scavenging of xanthin oxidase derived O 2 • − . In the cited study, UA and UC were completely inactive [24] . Although the presented results stand in contrast to these two previous reports, it was clearly shown that urolithins (especially A and C) were very active not only towards O 2 • − direct scavenging, but also significantly inhibited neutrophil oxidative burst (both stronger than ascorbic acid). Our observations are consistent with Bialońska et al., who examined the influence of urolithins on intracellular ROS forma-tion on HL-60 cell line and obtained corresponding results indicating that the antioxidant activity of urolithins is a consequence of not only the number of hydroxyl groups, but also lipophilicity of the molecule [25] . Considering the presented results, the number of hydroxyl groups is essential to the antioxidant activity, whereas other structural features (presence of methoxyl substituents) also significantly influence its grade. The obtained results clearly show that urolithins are able to specifically modulate neutrophils functions which take part in the development and progression of inflammatory state. The effects were observed in the range of concentrations which are reachable in bloodstream after ingestion of ellagitannin-rich products.
These results indicate that urolithins are at least partially responsible for the observed beneficial effects of orally administered ellagitannin-rich medicinal plant extracts and food products.
Materials and Methods
!
Chemicals
UA, UB, UC, MUA, and MUC were synthetized according to Bialonska et al. [25] . The identity was confirmed by NMR and MS spectra. Camptothecin (98 % purity), luminol, curcumin, PMA, f-MLP, ascorbic acid (reagent grade), NBT (nitrobluetetrazolium), xanthine, xanthine oxidase, SAAVNA (N-succinyl-alanine-alaninevaline-p-nitroanilide), LPS, cytochalasin A, TMB (3,3′,5,5′-tetramethylbenzidine) liquid substrate system, Triton X-100, Hanksʼ balanced salt solution (HSSB), and RPMI 1640 medium were purchased from Sigma-Aldrich GmbH. Lucigenin and quercetin (> 95% purity) were purchased from Carl Roth. Gallic acid (> 96 % purity) was purchased from ChromaDex. Propidium iodide was purchased from BD Biosciences. All substances used were of > 95% purity. PBS was purchased from Gibco.
Isolation of human neutrophils
Peripheral venous blood was taken from healthy human donors (20-35 years old) in the Warsaw Blood Donation Centre. Donors did not smoke or take any medication. They were clinically confirmed to be healthy, and routine laboratory tests showed values within the normal range. The study conformed to the principles of the Declaration of Helsinki. Neutrophils were isolated with a standard method of dextran sedimentation prior to hypotonic lysis of erythrocytes and to centrifugation in a Ficoll Hypaque gradient [26] . The purity of neutrophils preparation was > 97 %, and viability measured by tryptan blue exclusion was > 98 %. Neutrophils were then resuspended in appropriate medium to perform selected assay.
Cytotoxicity
Cytotoxicity of urolithins was determined by standard flow cytometric probe using propidium iodide (PI) staining to distinguish cells with diminished membrane integrity according to method previously described by Shinella et al. [27] . For short-term cytotoxicity determination, neutrophils (4 × 10 5 /mL) were incubated in PBS with compounds at concentration of 1, 5, and 20 µM for 1.5 h. For long term cytotoxicity, neutrophils (2 × 10 5 /mL) were cultured in a 24-well plate in RPMI 1640 medium with 10 % FBS, 10 mM HEPES, and 2 mM L-glutamine for 24 h at 37°C with 5 % CO 2 in presence of compounds at concentrations of 1, 5, and 20 µM. After 24 h, the neutrophils were harvested and centrifuged (1500 rpm; 10 min; 4°C), washed once with cold PBS and resuspended in 400 µL of PBS. 5 µL of PI (50 µg/mL) solution was added to cell suspension. After 15 minutes of incubation at room temperature, cells were analyzed by BD FACSCalibur flow cytometer (BD Biosciences); 10 000 events were recorded per sample. Cells that displayed high permeability to PI were expressed as a percentage of PI(+) cells. Camptothecin at concentration of 10 µM was used as a positive control.
IL-8 and MMP-9 production
Neutrophils (2 × 10 5 /mL) were cultured in a 24-well plate in RPMI 1640 medium with 10% FBS, 10 mM HEPES, and 2 mM L-glutamine in the absence or presence of LPS (100 ng/mL) for 24 h at 37°C with 5 % CO 2 in the absence or presence of compounds at final concentrations of 1, 5, or 20 µM added to 1 mL of cell suspension 1 h before the stimuli. After 24 h the neutrophils were harvested and centrifuged (2000 rpm; 10 min; 4°C). The amount of IL-8 or MMP-9 into cell supernatants was measured by enzymelinked immunosorbent assay (ELISA) following the manufac-turerʼs instructions (R&D Systems). According to Aggarwal et al. [28] and Antoine et al. [29] , curcumin was used as a positive control. DMSO at final concentration 0.2 % was used as a non-stimulated control.
Expression of adhesion molecules CD62L and CD11b/CD18
Influence of urolithins on the level of adhesion molecules on neutrophils surface was determined using flow cytometric method. 500 µL of cell suspension (1 × 10 6 ) in PBS buffer was incubated with the compound for 30 min at 37°C prior to 30 min stimulation with 10 µL of cytochalasin A (5 µg/mL) and f-MLP (0.1 µg/ mL). Neutrophils were marked with monoclonal antibody against CD62L-(APC)-conjugate or CD11b-(PE)-conjugate (both from Becton Dickinson) and incubated for 30 min at 4°C in the dark. The cells were analyzed by flow cytometry FACSCalibur (Becton Dickinson), and data from 20 000 events were recorded. According to Liu et al. [17] , quercetin was used as a positive control. Three independent experiments were performed on neutrophils isolated from independent donors assayed in duplicate.
Elastase release
Neutrophil elastase release was determined using SAAVNA as a substrate, and p-nitrophenol was measured spectrophotometrically. 100 µL of cell suspension (5 × 10 5 /mL) in HBSS was preincubated with 50 µL of compound solution (final concentrations of 1, 5, and 20 µM) for 15 min at 37°C and then stimulated with 50 µL of cytochalasin A (5 µg/mL) and f-MLP (0.1 µg/mL) for 15 min. The neutrophils were centrifuged (2000 rpm; 10 min; 4°C). After the addition of 50 µL of SAAVNA solution (1.6 mg/mL) to 100 µL of supernatant, the extent of p-nitrophenol was measured spectrophotometrically for 1 h at intervals of 20 min, at 412 nm using a microplate reader (BioTek). DMSO at final concentration 0.25 % was used as a non-stimulated control. According to Kanashiro et al. [18] , quercetin was used as a positive control.
Myeloperoxidase release
Neutrophil MPO release was determined using TMB as a substrate. The assay is based on the oxidation of TMB by MPO in the presence of H 2 O 2 [30] . 100 µL of cell suspension (2 × 10 5 /mL) in HBSS was preincubated with 50 µL of compound solution (final concentrations of 1, 5, or 20 µM) for 15 min at 37°C and then stimulated with 50 µL of cytochalasin A (5 µg/mL) and f-MLP (0.1 µg/mL) for 15 min. After centrifugation (2000 rpm; 10 min; 4°C), 75 µL of supernatant was incubated with 100 µL of the TMB liquid substrate system. The reaction was terminated after 20 min by the addition of 2 M hydrochloric acid. The absorbance was measured at 655 nm using a microplate reader (BioTek). DMSO at final concentration 0.25% was used as a non-stimulated control. According to Kroes et al. [31] , gallic acid was used as a positive control.
Reactive oxygen species production
Oxidants generation by f-MLP or PMA-stimulated neutrophils was measured using luminol-or lucigenin-dependent chemiluminescence tests. 70 µL of cell suspension (2 × 10 5 /mL) in HBSS was incubated with 50 µL of compound solution (final concentrations of 1, 5, and 20 µM) together with 50 µL of luminol (100 µM) or lucigenin (200 µM) solution. ROS production was initiated by the addition of 30 µL of f-MLP (0.1 µg/mL) or PMA (1 µg/mL). Changes in chemiluminescence at 37°C were measured immediately for 45 min at intervals of 2 min in a microplate reader (Biotek). DMSO at final concentration 0.25 % was used as non-stimulated control. Ascorbic acid was used as a positive control.
Superoxide anion scavenging in cell-free systems
Scavenging of O 2 • − was performed using a xanthine-xanthine oxidase system with the NBT reduction method as described by Choi et al. [32] . Compounds at concentrations of 0.05, 0.2, 1, 5, and 20 µM, 50 µL of xantine oxidase (0.04 U/ml in PBS), and 100 µL of 0.4 mM xantine and 0.24 mM NBT solution in PBS were added. The absorbance at 560 nm was measured in a microplate reader (BioTek) over a 30 min period. The percent of inhibition of the xantine/xantine oxidase system was calculated in comparison to the control without tested compounds. To evaluate whether compounds affected the O 2 • − generation by direct interaction with xanthine oxidase, the enzyme activity was determined by monitoring the uric acid formation at 295 nm [33] . DMSO at final concentration 0.25 % was used as a control. Ascorbic acid was used as a positive control.
